A practical and safe heating device for sampling arterialized venous blood from a hand vein was constructed and tested under experimental conditions. Blood chemistry values (pH, pC0 2, p02 and O 2 saturation) were measured in nine individuals from blood sampled from an antecubital vein and a hand vein, as well as from a hand vein that had been heated in the handwarmer. Only blood sampled from the heated hand vein gave blood gas values that were consistently in the arterial range.
Mean blood gas values were 38·0 ± 2·5 mmHg, 79·8 ± 6·8 mmHg and 95·7 ± 0·9 % for pC0 2, p02 and O 2 saturation, respectively, for blood sampled from the heated hand vein. No significant difference (P > 0,05) was evident in blood gas values whether blood was sampled 15, 30, 45, 60, 75 or 90min after placing the hand in the heated handwarmer. The handwarmer enables arterialized venous blood sampling after 15 min of warming and is safe to use in any experimental or clinical situation where sampling from an artery is impractical.
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Arterial blood has been widely recommended for use in blood gas studies since it accurately reflects acid-base physiology and oxygen status, whereas peripheral venous blood, although more easily obtainable, is greatly influenced by the metabolic activity of the specific region which is drained.':' Since venous metabolite concentrations may be significantly different from arterial metabolite concentrations, arterial blood sampling has been preferred in whole body kinetic studies."? However, arterial blood sampling has been associated with small but significant morbidity':' which makes it inappropriate for use in volunteer subjects.
The use of a heated superficial hand vein has previously been found suitable as a substitute for arterial sampling in the measurement of a number of substrates, such as glucose concentration and specific activity," blood lactate, pH, and pC0 2 , 9 and, more recently, amino acid kinetics in man.l? The method is safe, relatively non-invasive and allows for continuous sampling, suggesting that the technique of sampling blood from a vein of a heated hand is ideal for investigations of Correspondence: Dr Ronald 0 Ball, Department of Animal and Poultry Science, University of Guelph, Guelph. Ontario. Canada NIG 2Wl. 366 human metabolism when arterial blood is difficult to obtain.
Unfortunately, methods for heating the hand have varied and include, submerging the hand in a bath of warm water,'?:" the use ofa commercial heating pad,":" the use of a 'hot box" or a warming charnber.P'" Specifications for the heating method, including the design of the device, temperature settings, safety features, temperature stability, temperature variations and the method of heating, are varied, vague or non-existent in the literature. Since we wished to embark on studies of amino acid metabolism and could not find an adequate heating method or device described in the literature, we developed and tested a suitable device. This paper describes the specifications and validation of the handwarmer. The objective was to develop a handwarmer that conformed to hospital safety standards and was simple to use, portable, comfortable for the subject, suitable for continuous sampling and resulted in values for blood gases that were comparable to arterialized blood. Although the device was originally developed for research purposes, it could also be used as a means of obtaining arterialized blood gases for the monitoring and management of hospitalized patients when sampling from an artery is impractical or undesirable.
MATERIALS AND METHODS

Subjects
Nine healthy adult volunteers (six male. three female. ages 19-35 years) who were within 20 % of their desirable body weight." participated in an experiment to determine if heating of a hand in the hand warmer would result in arterialized venous blood. In accordance to the principles of the Declaration of Helsinki. the purpose of the study and the procedures involved were fully explained to each subject. All freely consented to take part. All procedures utilized in the studies were approved by the University of Toronto Human Experimentation Committee and the Human Subjects Review Committee of The Hospital for Sick Children. Toronto. Canada.
Handwarmer design
The handwarmer was constructed by the Department of Medical Engineering at The Hospital for Sick Children. Toronto. for the Division of Clinical Nutrition. Of the three possible heat transfer mechanisms (radiation. convection and conduc-tion) radiation was chosen as being the most suitable. The design principle was to create a radiant heat surface surrounding the hand. As long as this surface was maintained at a constant elevated temperature. heat energy would be transferred to the hand. In order to prevent burns to the skin of the hand when touching the radiant surface a material with a low thermal conductivity was chosen (Acrylic. Glasflex Corporation. New Jersey. USA). The temperature gradient established across the thickness of this material upon contact with the skin of the hand was such that comfortable temperatures were established shortly after contact. The design of the chamber was such that the enclosed air was also heated; thus some heat transfer by convection also takes place.
An illustration of the handwarmer is shown in Fig. I. The handwarmer was designed to be portable. to permit its application in situations where space and subject mobility may be a concern. The handwarmer weighed 6 kg and comprised two components; a heating chamber and a controller box. These components were separated for safety and to allow easy positioning of the heating chamber. The hand warmer. in its present configuration. was suitable for blood sampling in adults and older children, although the data reported herein represented blood samples from adult subjects only.
The heating chamber was comprised of a double-walled cylinder (outer cylinder: length 350 mm, diameter 190 mm; inner cylinder: length 350mm, diameter l20mm) constructed from acrylic (Thickness: 5 mm). The hand rested on an acrylic platform in the centre of the chamber (320 mm x 110 mm). An incubator entry port (Airshields Vickers, Pennsylvania, USA) was secured around the forearm to prevent heated air from escaping from the handwarmer. A heating element (Thermofoil Heaters, Minco Products Inc., Minnesota, USA) was bonded to the outside of the inner cylinder, which when heated formed the radiant heat surface. The space between the outer cylinder and the heating element was filled with 25 mm insulation (Plastazote, Smith & Nephew, Ontario, Canada), thus reducing heat transfer to the outer surface of the chamber. Two heating elements were used; one above the hand and the other below the hand to provide uniform heating from both directions.
Control of the radiant surface temperature was achieved through a thermistor element (YSI 400 Series probes, Yellow Springs Instrument Co., Ohio, USA) fixed to the inner surface of the chamber under the heating element. The thermistor was shielded from direct contact with radiant energy from the heating element using a small piece of reflective foil. The changing resistance of the thermistor was used to control the electrical circuit connected to the heater. A second thermistor served as a high temperature safety device should the first control circuit fail. If the heating element temperature reached 73·0 DC, the heating elements would automatically shut off and an alarm inside the controller box would sound.
The heating element temperature could be internally adjusted to any value from the controller box; however, as an additional safety feature, this control was not available to the operator or subject.
Continuous monitoring of handwarmer air temperature was achieved using a surface thermistor (YSI Series 400 probes, Yellow Springs Instruments Co., Ohio, USA) suspended in the handwarmer chamber. Also, a thermistor was lightly taped to the back of the hand for continuous measurement of the skin temperature of the hand. For both air and skin temperature measurements, the surface thermistors were covered with reflective foil to prevent direct radiant heating.
The handwarmer met all relevant and medical device safety standards.
Experimental procedures
A 23 gauge butterfly needle (Venisystems'P", Abbott Ireland Ltd, Sligo, Eire) was inserted in retrograde manner into one of the superficial dorsal hand veins near the dorsal venous arch in each subject. The plastic butterfly needle hub was taped carefully to the hand so that the needle tip was not pressing against a vessel wall. Tubing and stopcocks were fitted to allow for blood sampling while the subject's hand remained in the handwarmer (Fig. 2) . The tubing was flushed with heparin (100 USP Unitsjrnl.) after a blood sample was taken to prevent clotting. When blood was taken the first 2 mL were discarded to ensure the absence of heparin in the blood sample.
Between two and four 4 mL blood samples were taken from the unheated hand vein while the subjects were resting in a seated or supine position. In addition, blood was sampled in several subjects from the antecubital fossa vein. The subjects then placed their hand into the preheated handwarmer ( Fig. 2) for 15 min to allow the hand skin temperature to stabilize and thus ensure uniform blood flow in the hand. Once the hand was inside the device no further manipulation of the hand was required. Blood was sampled at 15, 30, 45, 60, 75, and 90 min. Blood samples were drawn through the stopcock into heparinized syringes which were immediately purged of any air and securely capped. The blood samples were thoroughly mixed by vigorously rolling the syringes between the hands for 15s and then immediately analysed for pH, pC0 2 , and p02 by a Corning 175 Automatic pH/Blood Gas System (Corning Medical, Corning Glass Works, Massachusetts, USA) set at 37°C. Oxygen saturation was automatically calculated as the percentage saturation of the haemoglobin with oxygen using the relationship described by Kelman" and Thomas." Attainment of arterialized blood was determined by comparing the blood chemistry values obtained to literature values for arterial and venous blood16 since it was not ethical to perform arterial puncture in normal volunteers.
Analytical methods
Statistical analysis was performed on the blood chemistry values from samples obtained from the antecubital fossa vein, the unheated hand vein and the heated hand vein of individual subjects.
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Blood sampling from a hand vein.
Blood gas results
No significant differences (P > 0'05) were found for pH values from blood sampled from the skin temperature rose (Fig. 3) . Typical hand skin temperatures before insertion into the handwarmer were 32·9 ± 0·1 0C. After insertion of the hand skin temperatures rose and stabilized at 43·2 ± 0·1°C after a period of 12to 14min (Fig.   3 ). These temperatures were not associated with any discomfort to the subjects. No technical problems have been experienced during 2 years of operation and the ability to control temperature has not changed. Significant difference was determined by twoway analysis of variance and confirmed by a Student-Newman-Keuls Tesl. 17 All results are expressed as mean ± SD.
RESULTS AND DISCUSSION
Handwarmer performance When the handwarmer was first turned on, the temperature of the heating surface rose and (following a mean overshoot of approximately 7°C) stabilized after approximately I hour (Fig. 3) . The overshoot occurred during the temperature stabilization of the overall system. Once the system had stabilized, cycling of the heater control system resulted in heating surface temperature of 60·2 ± 1·6°C. A suitable heating element temperature selling that guaranteed arterialization of venous blood was 65·0°C. This may vary according to the rate of heat transfer from the hand via the bloodstream. The design of the chamber was such that the enclosed air was also heated (53,2 ± 0·5°C): thus some convective heat transfer also took place. The air temperature of 53·2°C was more stable than the surface temperature and after a 20 min stabilization period varied by ± O' 5°C ( Fig. 3) . When a hand was inserted into the heated chamber, the air temperature dropped (47,2 ± 0·3°q as the 43·0 (3) (4) (5) (6) (7) (8) (9) 72·3 (H) tts 94·7 (0'5) Numbers in parentheses represent the SD for two to four blood sample values obtained from the AFV and the UHV, whereas the SD numbers for HHV represent values obtained from blood samples taken at 15, 30,45, 60, 75 and 90 min from the start of heating the hand.
Values for blood parameters between sampling conditions with different lettered superscripts (a, b, c) are significantly different (P < 0,05) determined by two-way ANOVA and Student-Newman-Keuls Test. Subjects had a significant effect upon the model.
In the HHV, no significant difference (P > 0,05) was evident in the measurement of pCO l , pOl and 0 1 saturation within individuals at different sampling times determined by a two-way ANOV A.
Expected blood values (body temperature 37 0 C) .' 6 pCO l : 31 to 45 mmHg (arterial); 34 to 50 mmHg (venous) pO): 75 to 90 mmHg (arterial); 25 to 47 mmHg (venous). O antecubital fossa vein, unheated hand vein and heated hand vein. The pH values were 7·42 ± 0·03 for all three sampling conditions which fall within the normal ranges of 7·35 to 7·45 and 7·37 to 7·45 for venous and arterial blood," respectively. The values for pC0 2, p02 and O 2 saturation for blood sampled from individual subjects from the antecubital fossa vein, the unheated hand vein and heated hand vein are shown in Table I . Expected values from the literature are shown in the footnote to Table 1. The pC0 2, p02 and O 2 saturation values for blood from unheated and heated hand veins were significantly higher (P < 0·05) than blood values from the antecubital fossa vein. The p02 and O 2 saturation values for blood from heated hand veins were significantly higher (P < 0,05) than the blood values from unheated hand veins. Heating the hand resulted in an increase in p02 and O 2 saturation values for all subjects and in a decrease in pC0 2 values for all subjects but one. By comparing the experimental blood gas values to literature values for venous and arterial blood," only samples from heated hand veins gave values for p02 and O 2 saturation that were consistently in the arterial range.
The values obtained for p02 and O 2 saturation varied between subjects whether blood was sampled from the antecubital fossa vein, the unheated hand vein or the heated hand vein. The large range apparent in the published values for arterial blood suggests that there is significant between-individual variability in sampling arterial blood. Between subject variation in p02 values and, especially, O 2 saturation values was minimized when blood was sampled from a heated hand vein compared with blood sampled from the unheated hand vein ( Table 1 ). The standard deviations for blood p02 and O 2 saturation values within subjects also decreased with heating of the hand.
Samples of venous blood from the heated hand vein from all the subjects had blood chemistry values representative of arterial blood after 15min in the handwarmer. Sampling between 15 and 90 min did not change the p02 and O 2 saturation values within individual subjects (P = 0·87 and P = 0,34, respectively).
DISCUSSION
The blood gas values presented for the varying sampling conditions are similar to those reported by other investigators'v" and agree with expected Heating device for sampling arterialized blood 371
blood gas values." The long recognized fact that oxygen content may vary significantly from vein to vein' and that superficial hand veins are, in general, richer in O 2 and lower in CO 2 content than deep forearm veins" is supported by our data. Some blood gas values sampled prior to heating the hand were found to be close to the arterial range. This observation can be explained by the fact that there is very little muscle mass in the area of the hand which might result in a limited exchange of blood gases. Also, hand veins can be easily dilated by localized heating, thus increasing arterial shunting and blood flow through the hands.P:" These factors will decrease the differences between venous and arterial blood concentrations. As expected, upon warming of the hand in the handwarmer, p02 and O 2 saturation values increased and all subjects had blood gas values approximating arterial blood. In addition, heating the hand in the handwarmer reduced the betweenand withinsubject variation associated with p02 and O 2 saturation values. Although blood sampled from a heated superficial hand vein has been used and validated as a substitute for arterial sampling for a number of metabolites,2-l.S.9 methods for heating the hand have varied. Some heating methods, such as the use of heated water baths and commercial heating pads, are cumbersome, sampling is difficult and they may not meet research or hospital safety standards. Specifications of other heating methods are vague and do not adequately describe the design of the device, temperature settings, safety features, temperature stability, temperature variations or whether arterialization of venous blood was achieved.
A safe, effective device for arterializing venous blood through warming the hand has been developed and has been used routinely in our hospital for the last 2 years with satisfactory results. IS The heating of a hand in the handwarmer resulted in the venous blood of the sampling region becoming arterialized within 15min. The device permits comfortable elevation of the hand temperature for long periods of time, allowing sequential sampling to be undertaken. It could be used in any experimental or clinical situation where there is a need for blood samples representative of arterial blood, but where sampling from an artery is impractical or undesirable.
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